In recent years, due to improvements in calculation methods and increased computer power, it has become possible to perform first-principles investigations for 'simple' chemical reactions at surfaces. We have carried out such studies for the catalytic oxidation of CO at transition metal surfaces, in particular, at the ruthenium surface for which unusual behavior compared to other transition metal catalysts has been reported. High gas pressure catalytic reactor experiments have revealed that the reaction rate over Ru for oxidizing conditions is the highest of the transition metals considered -in contrast, under ultra-high vacuum conditions, the rate is by far the lowest. We find it important for understanding the pressure dependence of the reaction that Ru(0001) can support high concentrations of oxygen at the surface. Under these conditions, the O-metal bond is atypically weak compared to that at lower coverages. We have investigated a number of possible reaction pathways for CO oxidation for the conditions of high oxygen coverage, including scattering reactions of gas-phase CO at the oxygen covered surface (Eley-Rideal mechanism) as well as the Langmuir-Hinshelwood mechanism involving reaction between adsorbed CO molecules and O atoms.
Introduction
. Experimentally, it is difficult to probe the state of the reactants during reaction -traditionCarbon monoxide oxidation is one of the most ally, information is only available before or after extensively studied heterogeneous catalytic reacthe event. Advances in surface science techniques, tions. This is due to both its technological imporhowever, afford new information concerning the tance (e.g. in car exhaust catalytic converters where behavior of the reactants during the reaction prothe active components are transition metals such cess. For example, time-resolved scanning tunnelas Pt, Pd, and Rh) and its 'simplicity' [1] [2] [3] [4] [5] . A ing microscopy (STM ) [11] , time-resolved electron microscopic understanding, however, of this most energy-loss spectroscopy ( TREELS) [12, 13] , timefundamental catalytic reaction is still lacking. We resolved infrared spectroscopy ( TRIS) [14] , and note, however, that steps in this direction have ('fast' high resolution) X-ray photoelectron recently been made via first-principles calculations spectroscopy ( XPS) [15] [16] [17] . On a larger scale are low-energy electron microscopy (LEEM ) [18, 19] and photoemission electron microscopy (PEEM ) been computational limitations, but also, for a 2. Calculation method realistic description of certain reactions, new theoretical developments had to be awaited; for examIn order to gain an understanding of the apparently different behavior of Ru for the CO oxidation ple, the generalized gradient approximation (GGA) for the exchange-correlation functional has reaction, and to obtain a microscopic picture of this basic surface catalyzed reaction in general, we been shown to be crucial for obtaining accurate activation barriers for hydrogen dissociation at carried out density-functional theory (DFT ) calculations ( [28, 29] ; http://www.fhi-berlin.mpg.de/th/ metal and semiconductor surfaces [22, 23] .
Past studies performed using surface science fhimd.html ). We use the ab initio pseudopotential plane wave method and the supercell approach techniques, i.e. on well-characterized single-crystal metal surfaces under ultra-high vacuum ( UHV )
where we employ the GGA [30] for the exchangecorrelation interaction. We use ab initio, fully sepaconditions, have shown that CO oxidation proceeds via the Langmuir-Hinshelwood (L-H ) rable, norm-conserving GGA pseudopotentials ( [31, 32] ; http://www.fhi-berlin.mpg.de/th/fhimd. mechanism in which reaction takes place between chemisorbed reagents [1] [2] [3] . Recent high gas preshtml ), where for the Ru atoms, relativistic effects are taken into account using weighted spin-averaged sure catalytic reactor experiments, which afford the study of chemical reactions under 'realistic' pseudopotentials. The surface is modelled using a (2×2) surface unit cell with four layers of high pressure and temperature conditions, support the assignment of the L-H mechanism for Pt, Pd, Ru(0001). An energy cut-off of 40 Ry is taken with three special k-points in the two-dimensional Rh, and Ir [5] . For Ru, however, somewhat anomalous behavior was found which indicated that rently kinetically hindered by activation barriers for O 2 dissociation, induced by the pre-adsorbed oxygen atoms at coverage H O #0.5. With respect that of the C atom which is held fixed (and the bottom two Ru layers). We considered a number to the high pressure catalytic reactor experiments mentioned above, because the conditions under of lateral positions: the on-top and fcc sites, with respect to the Ru(0001) substrate, a bridge site which the highest rates of CO 2 formation were reported involved high O 2 partial gas pressures between two adsorbed O atoms, as well as directly above an adsorbed O(a) atom (see Fig. 1a ). We and oxidizing conditions, there will be a significant attempt frequency of O 2 to overcome activation find that an energy barrier begins to build up at about 2.5 Å from the surface (with respect to the barriers for dissociative adsorption. Thus, it is likely that during reaction the oxygen coverage on average position of the O atoms) for all sites, reflecting a repulsive interaction of CO with the the surface approaches one monolayer. We note also that in the catalytic reactor experiments may O-covered surface. A very weak physisorption well of about 0.04 eV is also found above the O-adlayer. be unlikely that there is significant subsurface oxygen present since the temperature range studied Its position is~3.0 Å from the surface for the on-top and fcc sites, and~3.5 Å for the bridge in the experiment, 380-500 K, is less than the 600 K at which oxygen is reported to enter the site and the approach directly over the O atom. Thus, for a full monolayer coverage of oxygen on subsurface region with an appreciable rate (using NO 2 ) [38,42] and Auger electron spectroscopy the surface, CO is unable to form a chemical bond with the substrate and the L-H reaction mechaindicated a coverage of about one monolayer.
nism is therefore prevented. In order to obtain a more detailed understanding of CO 2 formation via a scattering reaction, we 4. Reaction via gas-phase CO with adsorbed O evaluated an appropriate cut through the highdimensional potential energy surface (PES) (see In earlier publications we reported our investigation for reaction via scattering of gas-phase CO Refs. [6] [7] [8] ). This cut is defined by two variables: the vertical position of the C atom and the vertical with adsorbed O [6-8], so here we only briefly describe the results.
position of the reacting O(a) adatom directly below. Initially, with the CO-axis held perpendicuThe (1×1)-O phase is assumed to cover the whole surface and we investigate the interaction lar to the surface, we find that the activation barrier for CO 2 formation is~1.6 eV. When the of CO with this oxygen-covered surface. For a given lateral position, CO is placed well above the tilt angle of the CO-axis is allowed to relax, the energy barrier is reduced to about 1.1 eV. The surface (with the C-end down) and the total energy calculated for decreasing distances of CO from the transition state (depicted in the inset to Fig. 2 ) has a 'bond angle' of~131°and the reacting O(a) surface. All atomic positions are relaxed except cules may then adsorb at these vacant sites and react via a L-H mechanism. In the following section we investigate such a L-H reaction mechanism.
Reaction between adsorbed CO and O
We first consider the energetics of adsorption overcome at the high gas pressures used in the catalytic reactor experiments. From Fig. 1b Fig. 2 . It can be seen that there is a there are obviously also a number of possible significant energy gain from the surface reaction reaction paths (i.e. via the on-top site, bridge and of 1.95 eV.
fcc site, etc.). To determine the minimum energy Using the determined activation barrier in a pathway, energy barrier, and associated transition simple Arrhenius type equation with the prefactor state, is clearly not a simple problem. Recent ab obtained from consideration of the number of CO initio studies of surface reactions and dissociation molecules hitting the surface per site per second at of diatomic molecules at surfaces have attempted a given temperature and pressure, we can estimate 'direct methods' to find the lowest energy reaction the reaction rate [6] [7] [8] . This will give an upper pathway [10, 44] . In the present work, however, bound since, for other orientations of the molecule, we use the 'standard grid approach' of constructing the barrier is larger. The rate is found to be various relevant PESs, since we are also interested significantly lower (by 3×10−6) than that meain the shape of the PES away from the minimum sured experimentally [25] . This indicates that this energy reaction pathway. mechanism alone cannot explain the enhanced In view of the weaker CO-metal bond strength CO 2 turnover frequency, as was speculated. To compared to that of the O-metal bond strength at investigate other possible reaction channels, we this coverage, i.e. 0.85 eV compared to 2.09 eV consider it conceivable that there are vacancies in (with respect to gas phase 1 2 O 2 ), we first consider the perfect (1×1)-O adlayer (see Refs. [6] [7] [8] for an estimate of the O-vacancy density). CO molereaction via movement of CO towards the O atom.
This in fact turns out to have the lowest energy pathway of those we considered with a barrier of 1.51 eV. This value is consistent with the recent experimental estimate of >1.4 eV for the case of high oxygen coverages on the surface [45] . Other possible reaction pathways considered were for O to move towards CO and for O and CO to move towards each other over one Ru atom. The lowest energy pathways found for these scenarios were at least 0.2 and 0.3 eV higher, respectively. We point ther calculations are required.
As a first step we investigate the energetics for different fixed lateral positions of the C atom within the area shown in Fig. 1b . We initially keep the lateral position of the O atoms fixed, but allow vertical relaxations. For CO moving towards the on-top site (see Fig. 1 ), a strong repulsion between C and the two symmetrically equivalent O atoms develops giving rise to a large energy barrier of 2.53 eV. Thus, the pathway over the on-top site is energetically unfavorable.
Interestingly, the situation is somewhat different for CO moving towards the fcc site: in this direc- metrically equivalent O atoms (see Fig. 1b ). When the O atoms are then allowed to laterally relax, the CO molecule moves essentially directly towards we find the formation of a carbonate-like species.
the O atom. The associated energetics are shown The atomic geometry is depicted in Fig. 3a . We in Fig. 4 where we have constructed the energy note that in our investigations of the CO-gas diagram. ( We point out that allowing lateral scattering reaction, we also identified the stability atomic relaxations of the neighboring O atoms of such a carbonate species on the fully O-covered during determination of the reaction pathway may surface; the atomic geometry is similar as can be lead to a slightly lower energy barrier for CO 2 seen from Fig. 3b . Formation of this species was formation.) Similarly to our study of the E-R also found to involve a significant energy barrier. mechanism, we also find a small physisorption well We note that experimental identification of carbonfor CO 2 above the surface. The corresponding ate species in CO oxidation reactions over other transition state geometry is depicted in the inset transition metals has been reported (e.g. Ref. [46 ] ), of Fig. 4 . In this geometry, the C-O(a) bond is where they may possibly act as an intermediary. almost parallel to the surface and the CO axis is The actual role they play in the carbon monoxide bent away from O(a) yielding a bent CO-O(a) oxidation reaction for this system, however, is at complex with a bond angle of 125°, similar to that present unknown.
found for the E-R mechanism. The C-O(a) bond We find that the minimum energy pathway found for CO 2 formation corresponds to one where length is 1.59 Å (about 35% stretched compared significantly weakened at the transition state as can be see from the lower panel showing the total valence electron density. Interestingly, the density difference plot for the transition state is very similar to that of the E-R process (see fig. 7 of Ref. [7] ). In the last panel ( leftmost), significant accumulation of electron density can be seen between the C and O(a) atoms as the CO 2 molecule To summarize, our studies indicate that a Langmuir-Hinshelwood mechanism rather than an Eley-Rideal mechanism is the dominant reaction to that in CO 2 ) and the CO bond length is 1.18 Å . process giving rise to the reported increase in reac- Fig. 5 shows the atomic geometry at selected positivity of ruthenium for the CO oxidation reaction tions along the reaction path to CO 2 formation. as measured in the high pressure catalytic reactor Initially CO is in the vacancy and O(a) in the hcp experiments as compared to under UHV conditions. site. As CO approaches O(a), repulsive forces
We find that for high coverages of O on the surface, build up on both the C and O(a) atoms and the which are attainable under the sufficiently high molecular axis of CO begins to tilt away from oxygen pressures used in the experiment, the O O(a). At the transition state, CO and O begin to adsorption energy is notably weaker than the lower lift off the surface as they break their metal bonds coverage phases that form under UHV conditions. in favor of developing a C-O(a) bond.
Furthermore, the adsorption energy of CO in the Interestingly, the distance that O moves away from presence of high O coverages is weaker than in the the surface is~0.36 Å ; very similar to that found presence of low O coverages. These factors, together in the E-R mechanism which was~0.35 Å . As with the close proximity of the reactants, is thought CO 2 begins to form, the molecular axis quickly to give rise to the observed increase in reactivity of straightens out to its linear geometry.
Ru and the reported anomalous behavior on partial The corresponding valence electron density and gas pressure. density difference distributions are shown in Fig. 6 .
Finally, we would like to mention some very The latter is constructed by subtracting from the recent results of CO oxidation experiments. For electron density of the CO,O/Ru(0001) system the case of very high concentrations of oxygen at those of the O-covered surface and a free CO the surface (one monolayer on the surface plus molecule. From the electron density difference oxygen occupying subsurface sites) which can be distributions, with respect to the starting configuprepared after formation of the (1×1) phase by ration of CO in the vacancy, it can be seen that using either NO 2 or high gas pressures of O 2 at as CO moves towards O(a), firstly there is less elevated temperatures, reaction rates notably electron density in the CO 2p1 orbitals, indicating greater than that from the on-surface monolayer a weakening of the C-metal bond. Also, electron oxygen structure have been measured [45, 47] . density has been depleted from the O(a) orbital These high rates have been proposed to be conpointing towards the CO molecule and an increase nected to the existence of copious amounts of occurs into orbitals in the orthogonal direction oxygen in the subsurface region. These are clearly (pointing in a near-perpendicular direction to the very interesting results and require more detailed surface). The redistribution is an effect of Pauli investigations in order to understand this behavior. repulsion. At the transition state, the onset of bond formation can be seen between these latter O(a) orbitals and the 2p1-like orbitals of the C 6. Conclusion atom. We can notice that CO is bonded only weakly to the metal through a 2p1-like orbital. The
We have performed density functional theory calculations in order to investigate the catalytic bond of the reacting O(a) to the surface is also [15] A. Baraldi, G. is notably weaker compared to the lower coverage
